• The vacuum method is superior in terms of quantifying water content in small samples.
Introduction
The development of a cerebral edema and subsequent increase in intracranial pressure (ICP) are two of the most significant and negative predictors of traumatic brain injury (TBI) and, moreover, a strategies in place that target elevated ICP levels and effectively reduce secondary brain damage by performing, e.g., a decompressive craniectomy (Zweckberger et al., 2003) or by employing pharmacological strategies (Thal et al., 2013) . These data indicate the need to identify the underlying mechanisms of a blood-brain barrier dysfunction and to develop new treatment strategies.
After inducing brain injury, cerebral edema formation occurs as a result of subtle changes in the brain water content by about 78% to 80%. Laboratory investigations, therefore, utilize precise measurement techniques to quantify the water content in defined brain samples to calculate wet weight-to-dry weight ratio such as in rodent models of cerebral injury (Krafft et al., 2012; Sun et al., 2003) . The conventional technique to dry tissue is the oven-drying method, which has the main disadvantage, however, that it requires relatively large samples to ensure high accuracy (Marmarou et al., 1982) . The use of small tissue samples shows a limited precision, which identifies major errors in comparison to other techniques (Shigeno et al., 1982) . Furthermore, the heating process changes the morphology of samples in that it turns the brain into a black, hard mass. This finding suggests that the tissue is also partially burned while it dries. A large body of literature exists that describes different temperature settings: 60 • C (Kenne et al., 2012) , 95 • C (Taya et al., 2010) and 104 • C (Luh et al., 2010) , with drying periods of either 24 h (Luh et al., 2010) , 72 h (Chen et al., 2006; Liu et al., 2012; Toung et al., 2002) , and up to 5 days (Qiao et al., 2001; Taya et al., 2010) . Recently, a study introduced a freeze-drying method with a 48-h drying time as an improved procedure for small tissue samples (Shigeno et al., 1982) . To increase the speed of this drying process, centrifugal vacuum concentrators ("SpeedVac"/speed-vacuum drying), a combination of vacuum-drying and centrifugation, used to reduce the boiling temperature, were developed as a fast and less expensive alternative.
In the present study the speed-vacuum-drying method was established to quantify the brain water content in small tissue samples (ranging from 30 to 160 mg). We determined the wet weight-to-dry weight ratio in naïve brain tissue and following an experimental TBI via controlled cortical impact (CCI) using different durations of speed-vacuum-drying or oven/heat-drying method.
Sodium bicarbonate 8.4% (NaBic 8.4%) is described as an effective treatment for cerebral edema and to control elevated ICP in patients who suffered a TBI Brown, 2010, 2011) . To test the sensitivity of both methods to determine differences in brain water content, we treated animals subjected to CCI injury with hypertonic NaBic 8.4% or normal saline and analyzed perilesional brain water content.
Materials and methods
All animal procedures were conducted in compliance with the institutional guidelines of the Johannes Gutenberg University, Mainz, Germany and approved by the "Landesuntersuchungsamt Rheinland-Pfalz" (LUA), the State Agency for Consumer and Health Protection (approval number: 23 177-07/G12-1-041), and performed in accordance with the German Animal Welfare Act (TierSchG). A total of 26 animals were studied. Eight-week-old male C57/Bl6 mice (19 g-23 g, Charles River Laboratory, Sulzfeld, Germany) were housed in a light-controlled and temperaturecontrolled environment with unlimited access to food and water. We used 10 animals to determine the brain water content in naïve conditions, four animals to determine regional differences of edema formation 24 h after experimental brain injury, and another set of 12 animals to determine the effect of sodium bicarbonate on posttraumatic brain edema formation. In the latter series, one mouse had very low pericranial and rectal temperatures before and during the CCI procedure and, therefore, was excluded prior to randomization.
Comparing water evaporation of speed-vacuum drying and heat-drying
In a prestudy we compared the time for evaporation of water of the speed-vacuum drying method with the drying length of the heat-drying method. Preweight plastic caps with an empty weight of about 1.1 g (Eppendorf AG, Hamburg, Germany) and glass vials with an empty weight of approximately 30 g (Neo Lab Migge Laborbedarf Vertriebs GmbH, Heidelberg, Germany) were filled with 150 l or 400 l of water (Aqua, B. Braun Melsungen AG, Melsungen, Germany). We weighed the water-filled vials, using a scale with an accuracy of 0.0001 g (Scaltec SBA 32; Denver Instruments, Bohemia, NY, USA) at defined points in time before starting the drying process.
Influence of sample size on accuracy of the quantification techniques
To investigate the influence of sample size on brain water content data determined by two different drying-weighing methods (vacuum drying and heat-drying), brains were removed from naïve animals under deep anesthesia with isoflurane and separated according to a standardized protocol to produce tissue samples of same size and region. The water content of each left and corresponding right hemispheric sample of each animal was quantified by speed-vacuum drying (right) and oven/heat-drying (left).
Influence of brain region on extend of posttraumatic brain water content
Animals were sacrificed 24 h after CCI under deep anesthesia with isoflurane. Then, we quickly removed the brains and placed them in a brain matrix. We cut the damaged and pericontusional brain tissue into sections (3 mm thick; divided in the middle of the damage) and divided the left and right side along the anatomic midline. The upper quadrant was further separated between cerebral cortex and the remaining tissue (upper quadrant, cortex = UQ cortex; upper quadrant, rest = UQ rest; lower quadrant = LQ). Brain water content from all three section were analyzed in both hemispheres by vacuum-drying.
Impact of quantification technique in an experimental treatment paradigm
Animals were randomized into two groups: A bolus (2 ml per kg −1 body weight) of sodium bicarbonate (NaBic 8.4%, B Braun Melsungen AG, Melsungen, Germany) or normal saline (NaCl 0.9%, B Braun Melsungen AG, Melsungen, Germany) was injected into the tail vein 30 min before brain tissue sampling. Animals were sacrificed 24 h after CCI under deep anesthesia with isoflurane. Then, we quickly removed the brains and placed them in a brain matrix. The damaged and pericontusional brain tissue was into sections (3 mm thick; divided in the middle of the damage) and divided the left and right side along the anatomic midline. We only used samples from the upper quadrant of these sections (approximately 3 mm thick) for our analysis of brain water content using speed-vacuum drying and oven/heat-drying. The weight of the tissues was assessed at intervals of 24 h, 48 h and 72 h after starting the drying process.
Experimental traumatic brain injury
A moderate experimental traumatic brain injury was induced by controlled cortical impact (CCI) as previously reported (Thal et al., 2008; Timaru-Kast et al., 2012) : Anesthesia was induced by isoflurane (4 vol% for 1 min followed by 2 vol% for maintenance) in an air mixture (40% O 2 and 60% N 2 ) supplied by face masks to the spontaneously breathing animals. Then, the mice were put in a prone position in a stereotactic frame (Kopf Instruments, Tujunga, CA, USA) to perform a craniectomy above the right parietal cortex (about 4 × 4 mm) and between the coronal, sagittal and occipital sutures and the medial insertion of the temporal muscle, using a variable speed drill to leave the dura mater intact. CCI was induced by a pneumatic-driven impactor (L. Kopacz, Mainz, Germany) with a diameter of 3 mm, 8 m/s impact velocity, 150 ms impact duration, and brain penetration of 1.5 mm). Craniectomy was immediately sealed after cortical impact, using tissue glue (Histoacryl; BraunMelsungen, Melsungen, Germany). After surgery the study mice were allowed to recover in an incubator (for 2 h, at 33 • C and at a humidity of 35%; IC800; Draeger, Germany). Animals were sacrificed by decapitation at 24 h post insult under deep anesthesia with isoflurane.
Assessment of brain water content
We put the samples into preweighed plastic tubes (Eppendorf AG, Hamburg, Germany) for vacuum-drying and sealed these with a cap. After determining the wet weight by means of a scale with an accuracy of 0.0001 g (Scaltec SBA 32; Denver Instruments, Bohemia, NY, USA) we placed the re-opened plastic tubes in a vacuum centrifuge (Univapo 100H, Uni Equip, Martinsried, Germany). The samples for oven/heat-drying were put into preweighed conical glass vials (Neo Lab Migge Laborbedarf Vertriebs GmbH, Heidelberg, Germany) with caps that were immediately closed. Right after determining the wet weight, we re-opened these glass containers and put them into a preheated oven (104 • C). At the end of the drying-process both vials were hermetically sealed. We calculated the percentage of the brain water content as follows (Adachi and Feigin, 1966) : Brain water content [%] = 100 × (wet weight − dry weight)/wet weight.
Isolation of DNA and sex genotyping by polymerase chain reaction
DNA isolation from dried tissue samples was carried out using the QIAamp ® DNA Mini (Qiagen, Hilden, Germany). Same amounts of DNA were amplified in duplicates using Absolute Blue qPCR SYBR Green Mix (Thermo Fisher Scientific, Germany) and the realtime Lightcycler 480 PCR System (Roche, Germany). As an example genomic analysis, the Y chromosome was detected using primers for the YMT2/B locus (5 -CTG GAG CTC TAC AGT GAT GA and 5 -CAG TTA CCA ATC AAC ACA TCA C) and primers for the autosomal myogenin gene (5 -TTA CGT CCA TCG TGG ACA GCA T and 5 -TGG GCT GGG TGT TAG TCT TAT) as a control (Capel et al., 1999) . The size of the PCR products was determined using the QIAxcel System (Qiagen).
Statistical analysis
To investigate the performance of each method to differentiate between untreated (NaCl) and treated (NaBic) animals a generalized linear model with treatment as the dependent, wet-to-dry ratio and point in time as the independent variables and a random intercept to account for the multiple measurements per animal (24 h, 48 h, 72 h) was fitted for each method, respectively. We calculated the likelihood ratio test by comparing the model with and without the wet-to-dry ratio as a covariate for each method and compared the corresponding P-values with the local significance level of alpha = 0.05. To illustrate the results, we used receiver operating characteristics (ROC curves) for the probabilities to correctly distinguish treatments, based on the wet-to-dry-ratio (sensitivity and specificity). The difference in brain water content between the two treatment groups was investigated for each point in time and each method by the Wilcoxon rank sum test, respectively. Statistical significance was presented by a P-value of <0.05.
Results

Capacity to evaporate moisture from samples
In a first step we tested the efficacy of both quantification techniques to absorb a defined amount of water. We placed samples with 150 l (8 each) and 400 l (4 each) of distilled water in each system and weighed the amount of remaining water after 30 min (vacuum-drying only), 1 h, 2 h, 4 h, 24 h, 48 h, and 72 h. The samples were dried immediately after placing them in a preheated chamber (104 • C) (Fig. 1A, B) . The vacuum-drying method required 2 h to evaporate 150 l and 400 l of water. These data demonstrate that heat-drying is faster than the speed-vacuum drying in terms of evaporating water. In a next step, we tested brain tissue samples from naïve animals (size 3 × 1 mm, cortical brain tissue, 6 samples), using both techniques at the same intervals (Fig. 1C) . Tissue from living animals required more time to dry completely. Our brain-water-content data revealed that the drying times for the heat-drying method ranged from 4 to 24 h (1 h: 73.7 ± 0.8%; 2 h: 75.5 ± 1.1%; 4 h: 75.0 ± 0.4%; 24 h: 74.0 ± 0.7%; 48 h: 74.9 ± 2.7%; 72 h: 75.8 ± 1.0%), with longer drying times for the vacuumdrying method, ranging from 24 to 48 h (30 min: 31.0 ± 5.4%; 1 h: 51.7 ± 4.7%; 2: 69.6 ± 6.1%; 4 h: 75.0 ± 2.1%; 24 h: 75.7 ± 1.5%; 48 h: 75.8 ± 1.5%; 72 h: 75.8 ± 1.3%). Interestingly, brain water content determined by the heat-drying method starts to considerably vary after 24 h. Although water content reached a stable level at 24 h drying length with the vacuum technique, standard deviation reached lowest levels after 48 h. To achieve best results, we therefore suggest to extend the drying time to 48 h for vacuum-drying.
Feasibility to use small samples to quantify edema
In a next series of experiments, we investigated the influence of sample size on the results determined with both quantification techniques ( Fig. 2A) . Naïve mouse brains were removed and separated into predefined small pieces and allocated to either vacuum-drying (right hemisphere, drying length: 24 h) or heat-drying (left hemisphere, drying length: 48 h). Edema data determined by vacuum-drying (160 mg: 77.8 ± 0.2%; 60 mg: 78.4 ± 0.3%; 45 mg: 77.6 ± 0.7%; 30 mg: 78.2 ± 1.0%) varied to a lower extend compared with heat-drying (160 mg: 78.2 ± 0.4%; 60 mg: 78.7 ± 0.7%; 45 mg: 77.9 ± 1.2%; 30 mg: 76.3 ± 2.9%). As expected, the standard deviation was markedly larger in small samples compared with data from large samples. In summary, vacuum-drying shows more stable results in small samples.
Brain region and brain water content after TBI
To determine the local changes of brain water content after experimental brain injury, mice were subjected to CCI and brains were removed 24 h after insult. A 3 mm thick slice was cut through the center of brain lesion. After separation of the hemispheres brain tissue was separated into 3 sampling regions according to the schematic presentation in Fig. 3B . Brain water content was determined by vacuum-drying and demonstrated an increase in brain water content of ipsilateral right hemisphere. The brain water content was highest in the ipsilateral cortical brain tissue (right UQ cortex) compared with the contralateral (left UQ cortex) tissue and was lowest in the lower quadrants (LQ). The data suggest, that Influence of sample size and brain region on quantification data To test the impact of samples size on the accuracy of the measurement technique brains were taken from naïve animals and cut into small samples ranging from 30 to 160 mg (n = 7; A). With both techniques standard deviation (SD) was larger in small compared with large samples. Overall SD was smaller after vacuum-drying compared with heat-drying. To determine the impact of sampling region, brain water content was determined in mice 24 h after subjection to an experimental brain injury (n = 4; B). Brains were cut according to the schematic drawing (B) and both hemispheres were separated into a cortical (upper quadrant cortex, UQ cortex), a subcortical (upper quadrant rest, UQ rest) and a lower quadrant (lower quadrant, LQ). The data demonstrate higher brain water content levels close to the lesion core.
brain edema formation is strongest close to the center of injury and becomes smaller with distance from lesion core.
Feasibility to use dried brain tissue samples to perform DNA analysis
In contrast to heat-drying, vacuum-drying subjects the samples with less heat stress, which may result in preservation of e.g. intact DNA for further analysis. Tissue samples after brain water analysis could therefore be used for additional analyses. To test if the processed material is suitable for genetic analysis, we performed DNA isolation in brain tissue samples after vacuum-drying and performed a PCR panel for sex genotyping by real-time PCR. PCR showed a crossing point (CP) of 22.85 ± 0.17 for myogenin and 15.96 ± 0.18 for YMT2/B. The PCR product was confirmed with QIAxcel and demonstrated the correct product size of 250 bp for myogenin (predicted: 245 bp) and 350 bp for YMT2/B (predicted: 344 bp). The PCR genotyping correctly identified all mice as male.
Test of heat-drying and vacuum-drying in a treatment paradigm
To compare both the heat-drying and the vacuum-drying technique, mice were subjected to TBI and treated with normal saline or sodium bicarbonate, which is known for reducing intracranial pressure from clinical routine. Physiologic parameters, including Weight taken before CCI procedure (BL, baseline) and before sacrificing study animals (PL, post lesion, 23.5 h after CCI), hemoglobin, glucose, Na + , K + , and Ca 2+ concentration taken from blood after decapitation, data are presented as mean ± SD.
weight, pericranial and rectal temperature, pH, hemoglobin and blood electrolyte levels (immediately taken from mixed blood after decapitation) were controlled and found to be within normal limits (see Table 1 ). We removed small tissue samples from the brain tissue of the injured hemisphere and divided these in a brain matrix into two pieces (1 × 3 mm), which we then randomly allocated to one of the techniques. Brain water content was determined at intervals of 24 h, 48 h, and 72 h after starting the drying process (Fig. 3A) . The values determined by heat-drying varied to a higher degree between the three time points. As a consequence, analysis of difference between nor- Fig. 3 . Feasibility of vacuum-and heat-drying to determine edema formation To test the feasibility of both techniques to distinguish between two treatment paradigms, animals were subjected to traumatic brain injury and treated with normal saline (NaCl 0.9%, n = 6) or sodium bicarbonate (NaBic 8.4%, n = 5) 23.5 h after inducing injury. Brain samples (3 × 1 mm) were selected after 30 min and quantified, using both the heat-drying (heat-drying) and the vacuum-drying technique (vacuum-drying). Brain water content evaporation was determined at different drying times (24 h, 48 h and 72 h; A). After 72 h, the vacuum-drying method showed a significant difference between the groups tested (B), whereas heat-drying failed to show any differences (C). Analysis of receiver operating characteristics (ROC) curves show a higher sensitivity and specificity in using the speed-vacuum-drying method to differentiate between treatment groups by brain water content in small tissue samples at all points in time (D-F), which can also be seen in the Band-Altman analysis (G). mal saline and sodium bicarbonate treatment revealed a significant difference in the data derived after 72 h of vacuum-drying (p = 0.03, n = 5-6, Fig. 3B ) as compared to heat-drying, which shows high variations and no difference (Fig. 3C) .
In a next step, we investigated for each of the two methods their effectiveness to distinguish treatment paradigms by determining brain water content. Our findings showed that the P-value of logistic regression was p = 0.039 for the vacuum-drying method, whereas for the heat-drying method it was p = 0.96. This result illustrates that the speed-vacuum method is more suitable to differentiate between the two treatment groups. Furthermore, the receiver operating characteristics (ROC) curves show a higher sensitivity and specificity when using the speed-vacuum-drying method to differentiate between treatment groups by brain water content in small tissue samples (Fig. 3D-F) , which was present at analyzed points in time. In line with this data, a comparison of the techniques, using the Band-Altman analysis, reveals a high variation between these techniques. In the ROC analysis, the area under the curve (AUC) was 0.867 after a drying period of 24 h, 0.967 after 48 h and 0.9 after 72 h for the vacuum-drying method. AUC was lower for heat-drying with values of 0.567 (24 h), 0.367 (48 h), and 0.533 (72 h). Hence, a 48-h drying time after removing brain tissue seems to be ideally suited for the use of the vacuum method, whereas 24 h was best for the heat-oven technique.
Discussion
The main findings of this study are: Vacuum-drying allows the precise quantification of small samples down to 30-45 mg with a drying length of 48 h. The technique does not destroy the tissue and allows the use of the dry material for e.g. genetic analysis.
The wet-weight-to-dry-weight ratio determination is one of the most frequently used methods to detect cerebral edema in animal disease models (Keep et al., 2012) . This study was the first to compare the promising method of speed-vacuum drying (Shigeno et al., 1982) with the conventionally applied heat-drying method. Our experiments focused on the detection of brain water content in small samples of brain tissue. The speed-vacuum drying method turned out to be a more precise and effective method to quantify brain water content in small samples as the conventionally used heat-drying method. However, water evaporation by heat-drying was faster than by speed-vacuum drying, contrary to our expectations. We found that only the speed-vacuum drying method was able to detect differences of wet-weight-todry-weight ratio (Bourdeaux and Brown, 2010) , following a test paradigm of experimental TBI and treatment with a hyperosmotic solution. Hyperosmolar agents are clinically used to therapeutically counteract cerebral swelling (Bhardwaj and Ulatowski, 2004) and were, therefore, selected as an example of an established and accepted treatment.
There are other methods to determine brain edema apart from wet-weight-to-dry-weight ratio measurements: The specific gravity technique was described as an alternative method to quantify the severity of brain edema (Marmarou et al., 1982; Takagi et al., 1981) . The precision of this technique depends on several influencing factors such as temperature, the humidity of the dissection environment and the accuracy of the calibrating standard. Furthermore, the type of cerebral edema (vasogenic or cytotoxic) must be known to compensate for a protein component of edema fluid in calculations (Marmarou et al., 1982) . Since most intracranial pathologies present a mixture of cytotoxic and vasogenic components (Lukaszewicz et al., 2011) , gravimetric methods seem to be impracticable in TBI models. Other studies have shown that the specific gravity method is of less value for small tissue samples as they kept sinking continuously in the gradient columns. This finding was explained by a dissolution of the lipids of brain tissue fragments in the organic solutions (Shigeno et al., 1982) .
Medical imaging techniques like T2-weighted MR images are frequently used in patients and in experimental studies to detect cerebral changes (Li et al., 2011; Qiao et al., 2001) . A major advantage of this method is that it is non-invasive and it can be repetitively used in vivo in the same individual. The main disadvantage of this technique is that it is expensive and highly time-consuming. The resolution is low in small animals like mice.
The vacuum-drying offers additional advantages. In contrast to heat-drying the investigated material is not destroyed -this allows the use of the residual product for additional analysis. In the present study we demonstrate the use of the dried material for DNA analysis. Further investigation is necessary to investigate if RNA or protein integrity is also maintained in vacuum-dried tissues.
Furthermore, a limitation in the study design has to be discussed: The glass vials for the heat-drying technique are very heavy in comparison to the weight of the brain tissue samples. This might be a source of errors. To deal with this problem, one group used preweighed aluminum foil to store tissue samples to avoid the use of heavy glass vials (Qiao et al., 2001) .
Conclusion
In conclusion, brain water content can be detected in small parts of brain tissue by the vacuum-drying technique. Thus, the vacuumdrying method provides a valuable and accurate definition of brain water content and it may offer the possibility to measure the degree of brain edema formation dependent on regional distribution and without destroying the tissue by heat.
